Wind is an important energy source and is regarded as a valuable alternative to traditional electric power-generating sources. There is an increasing interest in the development and use of wind energy as a substitute for more conventional energy because of its high potential and minimum impact on the environment. Generating capacity from wind power behaves quite differently than that from more conventional generating sources, as the wind is highly variable and is both site and terrain specific. These conditions dictate the need to develop suitable models and procedures to assess the reliability implications associated with integrating wind power in electric power systems.
INTRODUCTION
Wind is an important energy source and is regarded as a valuable alternative to traditional electric powergenerating sources. The integration of renewable energy sources and particularly wind power into electric power systems dominated by conventional generating sources introduces many technical and business challenges. One important technical challenge is to incorporate wind power reliability considerations in the reliability assessment techniques presently used by electric power utilities to assess the adequacy of overall generating capacity to serve the future electric power and energy demands. Generating capacity from wind behaves quite differently than that from more conventional generating sources, as the wind is highly variable and is both site and terrain specific. These conditions therefore dictate the need to develop suitable models and procedures to assess the reliability implications associated with integrating wind power in electric systems.
Considerable work has been done on the development of models and techniques for generatingcapacity assessment, and this is well documented in the published literature [1, 2] . The initially applied deterministic techniques have now been largely replaced by probabilistic methods that have the capability to incorporate the many factors that influence the adequacy of generating capacity. The basic probabilistic methods can generally be divided into the two areas of analytical techniques and simulation models [2] . In both cases, the general approach is to create a generation model and a load model, and then combine them to obtain the desired risk indices. The most common indices in practical application are the loss of load expectation (LOLE) and the loss of energy expectation (LOEE) [2] . The LOLE is sometimes expressed in the form of a loss of load probability and designated as the LOLP. It has been suggested [3] that it may be necessary to go beyond the LOLP in analysing the reliability of a wind-integrated system, as the LOLP simply indicates the probability of the load exceeding the available generation and does not indicate the severity associated with these events. The LOEE is the expected energy not supplied to the load during capacity shortfall situations and therefore indicates the severity of these situations. The LOLE and LOEE are usually expressed on an annual basis but can be determined for any particular period. Both indices are used in the studies described in this paper.
The most comprehensive approach to incorporate wind energy in generating-capacity evaluation is to use sequential Monte Carlo simulation and suitable time series wind models. Wind energy can also be incorporated in analytical approaches and in nonsequential or state sampling Monte Carlo simulation using multi-state wind energy conversion system (WECS) models [4] . The studies described in this paper are conducted using sequential Monte Carlo simulation and include wind power using an autoregressive moving average (ARMA) wind speed time series model. The effects of adding increasing amounts of wind capacity to a conventional generating system are illustrated using a representative test system, and the risk is assessed using the LOLE and LOEE indices.
The contribution to serving the total system load made by wind power is an important issue and has been the subject of considerable work and debate. There is a wide range of techniques in actual application that range from simple deterministic approaches to relatively complicated probabilistic methodologies. The following section includes a brief description of a deterministic time period wind capacity credit procedures used in actual utility application.
Wind capacity credit
The capacity contribution made by a generating unit to the overall adequacy of an electric power system is a complex function of many factors. These include the overall composition of the system, the relative capacity and type of generating unit, the availability of the generating unit, the role that the unit plays in the dispatch cycle, the system load profile, and the uncertainty associated with future load levels. The contribution made by a generating unit to the overall system generation adequacy is designated as its capacity value or capacity credit. An important additional factor, not normally associated with conventional generating units, is the inherent intermittency associated with the wind speed at the WECS site. There is little or no disagreement on the contribution of wind generation as an energy source but there are quite differing views on its contributions to generating capacity adequacy. Recent literature contains some detailed and informative discussion on the costs and impacts of intermittency [3] and the capacity value of wind [5] [6] [7] [8] . The methods used to determine capacity credit values can generally be divided into the two categories of risk-based and time period evaluation methods.
Milligan and Porter in reference [8] provide a detailed discussion of some of the presently applied methods to establish capacity credit values for WECS. The following brief description of a presently applied time period method used to determine a WECS capacity credit is taken from reference [8] , and provides an indication of this general approach. Information on other applications is also given in reference [8] .
In the USA the Pennsylvania-New Jersey-Maryland (PJM) Regional Transmission Organization has approximately 165 000 MW of generating capacity and 140 000 MW of peak demand. 'The capacity credit for wind in PJM is based on the wind generators' capacity factor during hours from 3 p.m. to 6 p.m., local prevailing time, from 1 June to 31 August. The capacity credit is a rolling 3-year average.'
The wind capacity credit determined using a time period evaluation method is the wind power capacity factor during the designated period. The capacity factor is the average wind power output divided by the rated wind power, expressed as a percentage. The capacity credit is therefore based on the contribution made by the wind power to serving the system load during the designated period. This is a useful index that can be used to indicate the power and energy contributions made by wind-generating capacity, but it does not indicate the contribution made by the wind capacity to meeting the required generating system reliability. This can only be done by incorporating the wind capacity in an overall 'risk-based' analysis of the system reliability that includes the capacities, operating constraints, and reliability parameters of all the system generating units.
The most comprehensive risk-based approach to establishing a generating-unit capacity credit is to determine the increase in peak load-carrying capability (IPLCC) that can be attributed to the generating facility at the criterion reliability level. This is not a new concept; it is designated as the generatingunit effective load-carrying capability (ELCC) in reference [9] . References [2] and [10] illustrate the IPLCC associated with adding large generating units to a relatively small system. This concept is extended in this paper using a wind speed ARMA model to include WECS in a sequential Monte Carlo simulation approach to generating-capacity adequacy assessment.
Generating system study parameters
A small test system developed for educational research and study purposes and designated as the Roy Billinton Test System (RBTS) [11] is used in the studies described in this paper. The RBTS consists of 11 conventional generating units with a total capacity of 240 MW. The largest generating unit has a capacity of 40 MW. The IEEE reliability test system annual chronological hourly load profile on a per unit basis [12] is used in the RBTS. The annual peak load is 185 MW. The detailed generating unit data are given in reference [11] .
The power produced by a wind turbine generator (WTG) at a particular site is highly dependent on the wind regime at that location. Appropriate wind speed data are therefore essential elements in the creation of a suitable WTG model [13] . The actual data for a site or a statistical representation created from the actual data can be used in the model. This is illustrated using data for a site located at Regina in Saskatchewan, Canada, which has a mean and standard deviation of wind speed of 19.52 km/h and 10.99 km/h respectively. The hourly mean and standard deviation of wind speeds from an 8-year database (1996 to 2003) for the Regina location were obtained from Environment Canada. An auto-regressive moving average model (ARMA) time series model was created using these data [14] . The ARMA (4, 3) model is the optimal time series model for the Regina site, and the parameters are given in equation (1) Regina: ARMA (4, 3) y t ¼ 0:9336y tÀ1 þ 0:4506y tÀ2 À 0:5545y tÀ3 þ 0:1110y tÀ4 þ a t À 0:2033a tÀ1 À 0:4684a tÀ2 þ 0:2301a tÀ3 a t 2 NIDð0; 0:409 423 2 Þ ð 1Þ
The simulated wind speed SW t can be calculated from equation (2) using the wind speed time series model
where m t is the mean observed wind speed at hour t; s t is the standard deviation of the observed wind speed at hour t; and {a t } is a normal white noise process with zero mean and variance 0.409 423. The ARMA model shown in equation (1) can be applied in a sequential Monte Carlo simulation or used to generate a wind speed probability distribution suitable for use in an analytical study or in a state sampling Monte Carlo simulation [3] .
In a sequential Monte Carlo simulation, the wind speed time series given by equation (2) is converted to a wind power time series using the operational characteristics of the WTG. The parameters commonly used are the cut-in wind speed (at which the WTG starts to generate power), the rated wind speed (at which the WTG generates its rated power), and the cut-out wind speed (at which the WTG is shut down for safety reasons). Equation (3) is used to obtain the hourly power output of a WTG from the simulated hourly wind speed.
where P r , V ci , V r , and V co are the rated power output, the cut-in wind speed, the rated wind speed, and the cut-out wind speed of the WTG respectively. The constants A, B, and C depend on V ci , V r , and V co and are presented in reference [15] .
GENERATING SYSTEM RELIABILITY EVALUATION INCORPORATING WIND POWER
A sequential Monte Carlo simulation program developed for generating-capacity adequacy evaluation was used to study the RBTS. Five 10 MW WECSs were added sequentially to the RBTS using the Regina wind regime data. The V ci , V r , and V co are 14.4, 36, and 80 km/h respectively. The sampling size for the RBTS is 40 000 years.
Effects on the system reliability indices of adding wind power
The LOLE and the LOEE for the RBTS with wind capacity additions from one 10 MW to five 10 MW injections are shown in Table 1 . The added wind capacity is considered to be either completely dependent or fully independent. The site wind regimes for each wind farm addition are completely correlated when the site wind regimes are dependent, and there is zero correlation when the site wind regimes are independent. These conditions may not exist in an actual system and there will be some degree of cross-correlation between the site wind regimes. The dependent and independent conditions provide boundary values that clearly indicate the effects of site wind speed correlation. Incorporation of wind speed correlation in generating-capacity adequacy evaluation using a sequential Monte Carlo simulation approach is illustrated in reference [16] .
The system reliability benefits associated with wind capacity additions are the highest when the site wind regimes are independent, and decrease as the degree of site wind regime correlation increases. It can be seen from Table 1 that the LOLE and LOEE decrease with increases in wind power. The LOLE and LOEE are significantly lower when the 10 MW wind sites are independent than when they are dependent. The LOLE and LOEE for the RBTS with the various wind power additions are illustrated pictorially in Fig. 1 . When the wind regimes are dependent, the LOLE and LOEE decrease significantly with the addition of the first and second 10 MW wind farm. The reduction in risk decreases considerably as the third, fourth, and fifth 10 MW wind farms are added. The system risk becomes saturated when the wind power additions reach a certain level. This is not the case when the site wind regimes are independent. Saturation will occur but at much higher wind power levels. The LOLE and LOEE graphs are very similar in form. Figure 2 shows the RBTS LOLE and LOEE benefits due to each successive 10 MW wind capacity addition. The figure shows that the largest LOLE benefit occurs when the first 10 MW wind farm is added to the system. In the dependent site wind regime case, the LOLE benefit decreases with each subsequent wind capacity addition.
The figure clearly shows that the LOLE benefits are larger when the site wind regimes are independent than when they are dependent. In a general sense, the LOLE benefits associated with each wind capacity addition decreases with each subsequent addition for both dependent and independent sites. The third 10 MW wind capacity addition for the independent case in Fig. 2 shows a larger benefit than for the second 10 MW. This occurs because the system risk is not saturated by wind power additions at this point and is related to the system generation composition and the load profile. The LOEE benefits shown in Fig. 2 display a similar profile.
Increase in peak load-carrying capability due to adding wind power
The addition of wind power provides the system with the ability to satisfy a higher peak load while maintaining the system reliability criterion. The following studies examine the RBTS reliability indices with various wind power additions at different peak load levels with dependent and independent site wind regimes. The IPLCC attributable to each wind capacity addition is illustrated.
The RBTS LOLE and LOEE as a function of the peak load with successive wind power additions are shown in Fig. 3 , assuming dependent site wind regimes.
The LOLE and LOEE at each peak load level decrease with increase in the wind capacity and increase with increase in the peak load for each wind power capacity condition. The horizontal lines in Fig. 3 are the criterion risk levels for the RBTS prior to adding wind power of 1.1024 h/year and 9.9674 MW h/year given in Table 1 . Figure 3 shows that the separation (IPLCC) between the individual risk profiles decreases as 10 MW increments of wind power are added. Figure 4 shows the RBTS LOLE and LOEE as a function of the peak load with successive wind power additions when the site wind regimes are independent. The separation between the individual risk profiles with the successive wind power addition is relatively constant, which indicates that the system risk is not yet saturated due to the added wind power. Figure 5 shows the RBTS IPLCC attributable to each wind capacity addition based on the LOLE and LOEE criterion risk levels. The IPLCC of each added wind farm decreases as additional wind capacity is added when the site wind regimes are dependent. When the wind regimes are independent, the IPLCC for each wind capacity addition tends to decrease slightly. There is an obvious exception, however, Fig. 4 The RBTS LOLE and LOEE as a function of the peak load with successive wind power additions (independent site wind regimes) where the IPLCC of the third wind site capacity addition is smaller than the values for fourth and fifth additions. This anomaly was noted earlier in connection with Fig. 2 . The RBTS IPLCC associated with successive wind power additions tends to decrease with each addition. The decrease in the IPLCC is relatively insignificant for independent wind regimes, but as shown in Fig. 5 , it can be substantial for dependent wind regime situations.
As noted earlier, the IPLCC associated with a wind capacity addition is the increase in load-carrying capability that can be attributed to this addition. The IPLCC is therefore the wind farm capacity credit (CC). The values used to plot Fig. 5 are given in Tables 2 and 3 as a percentage of the added capacity. These tables also show the capacity credit associated with the aggregate wind capacity added to the system. Tables 2 and 3 show that the capacity credit directly associated with each added increment of wind power decreases significantly when the site wind regimes are dependent. This situation could occur when multiple wind farms are located in close proximity to each other or when a single wind farm is expanded by adding more wind capacity. The incremental capacity credit is relatively constant when the site wind speeds are independent. Tables 2 and 3 also show that the aggregate capacity credit associated with adding additional dependent wind site capacity decreases as the aggregated capacity increases. This is directly related to the saturation effect seen in Fig. 1 . The aggregated capacity credit remains relatively constant when the site wind regimes are independent. As noted earlier, the dependent and independent site wind-regime results provide lowerand upper-bound capacity credit limits. The results for similar studies including wind farm correlation will lie between these two bounds. A comparison of Tables 2 and 3 indicates that the wind capacity credit values obtained using the LOLE and LOEE criterion risk levels are very similar. The aggregated capacity credit, which contains a smoothing effect by successively averaging the incremental contributions, is lower when the LOEE values are used.
EFFECTS ON THE SYSTEM RELIABILITY INDICES OF ADDING CONVENTIONAL GENERATING UNITS
A major assumption in conventional generatingcapacity assessment is that generating-unit outages are independent events. This creates a similar situation to the conditions in this paper where the individual wind capacity additions are associated with independent site wind regimes. The wind capacity additions appear as independent multi-state generating units, and in an analytical approach can be added directly to the capacity outage probability table developed for the conventional units [2] . In order to illustrate the effects of successively adding Table 4 and Fig. 6 show the LOLE and LOEE for the RBTS with the addition of conventional generating units.
It can be seen that the LOLE and LOEE drops significantly with the first two units. At this point, the LOLE and LOEE are very close to zero, and the absolute values of the decrease in the LOLE and LOEE are small. Figure 7 shows the benefit in the LOLE and LOEE for the RBTS with the addition of wind power (dependent wind regimes) and conventional generating capacity respectively. The figure shows that the first two conventional units provide more benefit in the LOLE and LOEE than those due to added wind power. The last several conventional generating units do not reduce the LOLE and LOEE as much as the wind units because the LOLE and LOEE are already very small in the conventional generating unit case.
The RBTS IPLCC based on the LOLE and LOEE are shown in Fig. 8 . The IPLCC for each 10 MW generating capacity addition is approximately 11 MW, which is higher than the actual unit capacity. This is because the added units are much smaller than the capacity of the largest unit (40 MW) in the RBTS, and therefore have a small positive effect on the overall system reliability. There is very little difference between the IPLCC values obtained using the LOLE and LOEE indices. Figure 9 shows the RBTS IPLCC as a function of the aggregate added conventional generating capacity. It can be seen that the relationship between the IPLCC and the aggregate added capacity is almost linear. Wind power modelling and the determination of capacity credit in an electric power system
CONCLUSION
System reliability can be improved by adding generating capacity. The actual benefits are dependent on a number of factors that include the composition of the existing generating system and the type of units to be added. As shown in this paper, the effects on the system reliability (and the resulting reliability benefits) of adding conventional generating units and wind-generated capacity are quite different. The numerical results shown in this paper are a function of the composition of the RBTS and the input data used in the studies. The capacity credit values shown in Tables 2 and 3 are therefore system and data specific. They do, however, indicate that similar studies can be conducted for actual systems using data applicable to these systems. The studies described in this paper also show a number of conditions and trends that are applicable to a wide range of power systems. The capacity credit attributable to the addition of wind power to a system is fundamentally different to that associated with the addition of conventional generating capacity. This is largely attributable to the facts that power systems are usually designed to minimize the likelihood of multiple generating unit failures and that conventional generating unit outages are therefore considered to be independent events. The power output of each wind turbine generator in a wind farm, however, is dependent and directly linked to the wind speed at the site; there will be no power output from the farm if the wind speed drops below the cut-in speed. This relationship extends to the power output from dependent wind farms. The studies shown in this paper, using a small test system, clearly indicate the effects of dependent and independent wind site regimes. As noted earlier, the numerical values are study specific. The general observations are, however, applicable to a wide range of power generation systems. The saturation in the risk indices shown in Table 1 and Fig. 1 is a basic phenomenon associated with large wind farms or multiple wind farms with dependent wind regimes. This could be an important factor in the analysis of multiple offshore wind farms with high wind speed correlation levels.
The considerable difference between the capacity credit and benefits associated with dependent and independent site wind regimes clearly indicates the need to determine and incorporate the correlation between the existing and proposed wind farms as utilities and governments pursue higher wind penetration levels. 
